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-. ABSTRACT 

An experimental inves t iga t ion  of t h e  operat ion of electrostatic 

probes i n  a flowing plasma was car r ied  out t o  determine t h e  operat ion 

of such probes when t h e  probe radius  is comparable to ,  or l a r g e r  than, 

t he  mean f r e e  path. The inves t iga t ion  w a s  carried out i n  an electro- 

magnetic shock tube capable of producing.plasma flows g rea t e r  than 1 

cm/psec and eleGtron d e n s i t i e s  grea te r  than 1014 electrons/cc.  

ments were made a t  pressures  from 0.040 t o  0.200 mm hg. When t h e  

e lec t ron  dens i ty  w a s  below 10l2 electrons/cc a 9-Gc microwave transmission 

Measure- 

system w a s  used t o  check the . e l ec t ron  dens i ty  measured by t h e  probes. 

Shock ve loc i ty  was measured with a microwave Doppler system. 

The vol tage appl ied t o  t h e  probes w a s  s inusoida l ly  var ied  a t  a 

100 k i locyc le  r a t e ,  so that e lec t ron  temperature and e l ec t ron  dens i ty  

could be obtained from the  current-voltage c h a r a c t e r i s t i c s .  

Probe r e s u l t s  were compared t o  t h e  microwave r e s u l t s  and t o  each 

other. 

probes as w e l l  a s  between probes, even when t h e  mean f r e e  path was one- 

f i f t h  the  probe rad ius .  

molecular theory. 

Good agreement was obtained between the  microwaves and t h e  

A l l  probe data  were in t e rp re t ed  using f r e e  

A simple theory accounting €or the change i n  cur ren t  c o l l e c t i o n  

when a c y l i n d r i c a l  probe is perpendicular t o  a directed flow w a s  v e r i f i e d  

wi th in  t h e  experimental uncer ta in t ies .  
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The determination of t h e  electron densi ty  surrounding a re-entry 

vehicle  from gas-dynamic ca lcu la t ions  is hampered by uncer ta in t ies  i n  

the  rate constants of t he  ionizat ion processes, a s  w e l l  as by the  e f f e c t s  

of abla t ion  products. However, ca lcu la t ions  have been made f o r  ion iza t ion  

i n  a i r  (i.e., with no ab la t ion  products) and it would be des i r ab le  t o  

be ab le  t o  check them w.ith f l i g h t - t e s t  data .  

One common method of determining e lec t ron  densi ty  i s  to use micro- 

wave techniques t o  measure various combinations of a t tenuat ion,  phase 

s h i f t ,  and r e f l e c t i o n  coe f f i c i en t  of a plasma. However, these  measure- 

ments given only l i m i t e d  information. The measurement gives  only an 

integrated e f f e c t  of t h e  plasma upon the  microwave property t h a t  is 

studied. In  order t o  i n t e r p r e t  t h e  r e s u l t s  i n  terms of e lec t ron  dens i ty  

and c o l l i s i o n  frequency, it is  necessary t o  est imate  the  s p a t i a l  d i s t r i -  

. 
-1 

-----.. l b u t i o n s  of these parameters, although the  s p a t i a l  d i s t r i b u t i o n  is  i t s e l f  

--_ one of t he  parameters t h a t  one would l i k e  t o  obtain from t h e  measurements. -. 
In  addition, t he  dynamic range of parameters t ha t  can be measured by 

such methods i n  a realistic f l i g h t  test i s  usually q u i t e  small. I t  i s  
, usual ly  possible t o  determine the electron dens i ty  only when the  plasma 

frequency is  of the  order of the  microwave frequency. When the  plasma 

frequency is  much grea te r  than the  microwave frequency, t h e  at tenuat ion 

becomes too  la rge  t o  measure and t h e  r e f l ec t ion  coef f ic ien t  becomes in- 

s e n s i t i v e  t o  the  ac tua l  value of t h e  e lec t ron  densi ty .  

frequency is much below the  microwave frequency, t he  e f f e c t  of t he  plasma 

becomes undetectable. 

I f  t he  plasma 

An a l t e r n a t i v e  technique f o r  measuring t h e  e lec t ron  densi ty  during . 

f l i g h t  tests is  to use an e l e c t r o s t a t i c  probe (Langmuir probe). 

possible  t o  design these probes so t h a t  measurements can be made w i t h  

a s p a t i a l  reso lu t ion  of less than 1 mm. Thus, using a probe t h a t  could 

move r a d i a l l y  outward f r o m  t h e  re-entry vehicle ,  it would be p o s s i b l e ’ t o  

determine the  spati .al  d i s t r i b u t i o n  of e lec t rons .  Alternat ively,  one 

It i s  a 

could u8e several  probes mounted a t  d i f f e r e n t  r a d i a l  d i s tances  from t h e  

vehicle  surface. 

1 



. .  

Langmuir probes a re  inherent ly  capable of measuring a wide range 

of e lec t ron  d e n s i t i e s .  Roughly speaking, t he  e l ec t ron  dens i ty  is propor- 

t i o n a l  t o  t h e  sa tu ra t ion  ion current ,  BO t h a t  a l l  t h a t . i s  needed t o  

measure a change of e l ec t ron  density of t h ree  orders  of magnitude i s  a 

current-measuring device with the  same dynamic range. 

ab le  i n  forms that present t h e  current v a r i a t i o n  e i t h e r  l i n e a r l y  or 

logari thmical ly .  

These are avai l -  

From t h e  foregoing discussion, it seems c l e a r  t h a t  probes a r e  worthy 

of considerat ion f o r  use i n  f l i g h t  tests. Probe theory, however, is 

predicated on a number of conditions t h a t  w i l l  not hold t r u e  over the  

e n t i r e  t r a j e c t o r y  of a vehicle .  The most  important condition usual ly  

assumed is t h a t  of f r e e  molecular flow. It is necessary t o  determine 

t h e  e r r o r s  involved i n  t h e  infer red  plasma parameters when t h i s  condition 

does not hold and t o  develop a theory t h a t  w i l l  enable one t o  i n t e r p r e t  

the  d a t a  Over the  complete t r a j ec to ry .  

Another effect genera l iy  not considered i n  laboratory s tud ie s  using 

- probes is the  effect of a d i rec ted  ve loc i ty .  I f  t h e  probe i s  mounted ' 

perpendicular t o  the  ve loc i ty  vector, t he  e l ec t ron  f l u x  co l lec ted  by 

t h e  probe w i l l  be increased. 

c a l  probes could be mounted so t ha t  t h e i r  axes were p a r a l l e l  t o  t h e  

ve loc i ty  vector .  

about t h e  ve loc i ty  vector ,  i t  may be impossible t o  ensure t h a t  the  probe 

axes are p a r a l l e l  to the  ve loc i ty  vector. It is  t.herefore, important t o  

understand what e f f e c t s  the  directed ve loc i ty  may introduce i n t o  the  

i n t e r p r e t a t i o n  of the  probe data. Some t h e o r e t i c a l  work has been done 

i n  t h i s  area,  but  usual ly  the  assumption is  made t h a t  t he  sheath is not 

a l t e r e d  by t h e  flow and t h a t  f r e e  molecular condi t ions hold. 

In  order t o  minimize t h i s  effect, cy l indr i -  

However, because the  re-entry vehic le  may o s c i l l a t e  

Some experimental work has been done a t  t h i s  laboratory w i t h  Langmuir 

probes i n  shock tubes,  a s  w e l l  a s  i n  a v a r i e t y  of o ther  plasmas.'* Fixed 

bias vol tages  were used so t h a t  the e n t i r e  current-voltage c h a r a c t e r i s t i c  

was not obtained. Because of t h i s ,  no temperature measurements were 

possible.  However, by est imat ing t h e  temperature, and using t h i s  value 

t o  obtain a value f o r  t h e  e l ec t ron  densi ty ,  it w a s  possible  t o  evaluate  

* 

a 

References are listed at  t h e  end of t h e  repor t .  



t h e  operation of probes and t o  compare them t o  microwave transmission 

measurements. 

t o  warrant a more thorough inves t iga t ion ,  

The r e s u l t s  of such measurements were encouraging enough 

This  report describes the  s t a r t  of a program t o  inves t iga t e  the use 

of probes where free molecular conditions do not hold and where directed 

ve loc i ty  effects may be s igni f icant .  

electromagnetic sh&k tube, which i s  an exce l len t  t o o l  f o r  such a program 

because csf its rapid rate of fire.  

The work w a s  ca r r i ed  o u t . i n  an 

. .  
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I1 EXPERIMENTAL APPROACH 
-. . 

W e  s h a l l  not develop the  theory of probe operation i n  f r e e  molecular 

-\ 
flow i n  t h i s  sect ion,  s ince i t  AS w e l l  documented i n  the  l i t e r a t u r e  f o r  

.. 

\ 

. - 
\both equal area and unequal area probes of a va r i e ty  of shapes.'-= How- 

-_ 
ever, w e  shall d i scuss  some of t h e  c h a r a c t e r i s t i c  dimensions of importance 

\ 

a 

i n  t h i s  theory so t h a t  w e  can estimate w h a t  experimental condi t ions i t  

w i l l  be necessary t o  obtain i n  order t o  ensure t h a t  f r e e  molecular 

theory no longer appl ies .  

A. MEAN FREE PATH CONSIDERATIONS 

The three  c h a r a c t e r i s t i c  dimensions of importance a re  the  mean free 

path, A, t he  Debye length, Ad, and the  probe r ad ius ,  r . 
Par flow, it is  necessary t h a t  t h e  mean free path be much l a rge r  than 

both the  Debye length and the  probe radius.  The sheath thickness i s  of 
t he  order of severa l  Debye lengths,  so t h a t  i f  t he  mean f r e e  path i s  

For f r e e  molecu- 
P 

much l a rge r  than t h e  Debye length, there  w i l l  be no c o l l i s i o n s  i n  t h e  

sheath. 

t h e  dis turbance 'of  t h e  plasma by the presence of t h e  probe w i l l  be small. 

I f  t h e  mean free path is much l a rge r  than the probe radius,  

Let us consider t o  what extent w e  may vary these  t h e e  parameters. 

A w i d e  range of probe r a d i i  a r e  avai lable  t o  us, ranging from a minimum 

of about one m i l  up t o  as l a rge  as is  desired.  

The Debye length i s  given by t h e  expression 

ID = 7 q G m  

where T is  i n  degrees Kelvin and n is i n  e lectrons/cc.  Thus t h e  Debye 

length i s  determined by t h e  plasma propert ies .  

magnetic shock tube st d i f f e ren t  voltages, and by waiting d i f f e r e n t  

lengths  of t i m e  a f t e r  t he  shock passage, a w i d e  range of Debye lengths 

can be obtained. Equation (1) is plot ted i n  Fig. 1. 

By f i r i n g  t h e  electro- 

I f  the  mean f r e e  path is mainly determined by c o l l i s i o n s  between 

Pons and neut ra l  gas species,  then it may be va r i ed  by varying t h e  pres- 

sure. T h i s  can be done over a ra ther  l d m i t e d  range with t h e  e lec t ro-  

4 



= 1.55 x 1 0 - ~ / ~ / ~ ~  c m  e-n x 

From k i n e t i c  theory' t h e  ion-neutral  mean free path is 1 / 4 f i t i m e s  the  

electron-neutral  mean free path. Further,  because of the  gmall electric 

f i e l d  tha t  e x i s t s  ou ts ide  the sheath, t h e  ions  have a ve loc i ty  associated 

with a temperature 2T r a t h e r  than T. Introducing these  f a c t o r s ,  the . 
ion-neutral  mean f r e e  path is 

-3 = 1.55 x 10 /p/po m i l s .  A i-n 

T h i s  equation is p io t t ed  i n  Fig. 2. If c o l l i s i o n s  between charged par- 

t icles become s i g n i f i c a n t  the mean free path w i l l  be even smaller. The 

mean free path f o r  ion-ion and electron-electron c o l l i s i o n s  i s  shown i n  

Fig. 3. 

Deviations from t h e  free molecular case may occur f o r  var ious combi- 

na t ions  of the three c h a r a c t e r i s t i c  dimensions. If  t h e  mean f r e e  path 

is not much g rea t e r  than t h e  probe radius ,  the  f r e e  molecular assumptions 

'are not s t r i c t l y  va l id .  

Case 1 r > A  
P 

Under t h i s  condi t ions,  the  free molecular assumptions a r e  not s t r i c t l y  

va l id .  But s ince  the  mean free path is much g rea t e r  than t h e  Debye 

length,  there w i l l  be no co l l i s ions  i n  the sheath. 

sheath w i l l  be approximately equal t o  the a rea  of t he  probe. 

The a rea  of t he  

Case 2 A, 2 h 

r >> A, 
P 

In t h i s  case there a r e  c o l l i s i o n s  i n  the  sheath and the  free molecular 

assumptions are not s t r i c t l y  val id .  If t he  tube i s  operated a t  a pres- 

s u r e  of about 30 t o  40 microns, a t  which it works best, t h e  ion-neutral  

mean free path in the  ambient gas  is about 25 m i l s .  In  t h e  shock com- 

pressed gas  behilrd t h e  f r o n t ,  where the  dens i ty  is a t  1 e a s t . a n  order  of 

6 
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FIG. 2 ION-NEUTRAL MEAN FREE PATH AS A FUNCTION OF p/po 

magnitude g rea t e r ,  t h e  ton-neutral  mean free path is  less than 3 mil : .  

Thus, by making measurements w i t h  a series of probes of increas ing  r a d i i  

i n  t h e  range of a few m i l s  up to grea ter  than 25 m i l s ,  i t  should be 

poss ib le  t o  t r a n s i t i o n  from t h e  f r e e  molecular t o  t h e  continuum region. 

By operat ing t h e  tube a t  pressures up t o  a few hundred microns, measure- 

ments w e l l  i n t o  t h e  continuum region should be possible .  

For a given probe r ad ius  and mean f r e e  path t h e  d i f f e rence  between 

C a s e  1 and C a s e  2 may be explored by working with d i f f e r e n t  e l e c t r o n r  

7 
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-1 FIG. 3 -.. 

. 
d e n s i t i  

ION-ION AND ELECTRON-ELECTRON MEAN FREE PATHS AS A FUNCTION OF 
TEMPERATURE FOR DIFFERENT CHARGED PARTICLE DENSITIES. 

s. For very high e lec t ron  d e n s i t i e s  t he  condi t ions of Case 1 

w i l l  hold, while fo r  lower e lec t ron  d e n s i t i e s  Case 2 w i l l  be obtained. 

Because probe operat ion is w e l l  understood f o r  free molecular Con- 
-\ 

d i t i o n s ,  i t  was thought advisable  t o  operate  one probe under these 

condi t ions and compare the  r e s u l t s  obtained from i t : w i t h  those obtained 

simultaneously f r o m  a probe operating under condi t ions of Case 1. 

\ 

i 

In  

t h i s  way devia t ions  in' t he  probe resul ts  could be evaluated on a s i n g l e  

shot '  of t he  electromagnet,$c shock tube .  Variat ions from shot  to shot  

would not have t o  be considered. 

es tabl ished,  any o the r  d i f fe rences  between t h e  t w o  probes could be 

a t t r i b u t e d  t o  the  'probe operation. 

Once t h e  uniformity of t h e  shock w a s  

8 
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This  scheme w i l l  not work for  Case 2 ,  s ince  t h e  simple Langmuir . 

theory does not handle the  case of c o l l i s i o n s  i n  the sheath.  

B. MICROWAVE C m  

An over-al l  check on t h e  probe operat ion through t h e  use of a 

microwave transmission measurement was thought advisable. 

also serve as a check on t h e  probe c i r c u i t r y  t o  ensure t h a t  It was 

operat ing properly. 

w a s  used for t h i s  purpose. 

C.  SHOCK FRONT VEIM=ITY MEASUREMENT 

This could 

An X-band (f = 9 Gc)  phase and a t tenuat ion  system 

It w i l l  be described i n  a la ter  sec t ion .  

Data have been gathered on the  shock ve loc i ty  as a funct ion of 

pos i t ion  down t h e  tube f o r  some conditions of shock vol tage and pressure.  

These measurements were made with photonul t ip l ie rs  and required a con- 

s ide rab le  amount of t i m e  and data channels t o  explore  a v a r i e t y  of 

condi t ions.  

a complete record of ve loc i ty  of the  shock f r o n t  a s  a func t ion  of pos i t ion  

on a single shot.  

measure shock ve loc i ty .  

A Doppler system, on the  o the r  hand, is capable of giv ing  
. 

Therefore, B simple Doppler system w a s  set up t o  

It is described i n  t h e  next sec t ion .  ' 

9 



I11 DESCRIPTION OF THE ,EXPERIMENTAL I)EIl.JP 

A. ELECTROMAGNETIC SHOCK lVBE 

For t h e  s tud ie s  i n  which the  d i r ec t ed  ve loc i ty  was not of i n t e r e s t ,  

less exotic ( i . e . ,  dc discharges or RF discharges) techniques than 

electromagnetic shock tubes could have been used t o  produce t h e  plasma. 

I n  fact, the shock tube does have the  disadvantage of being a t r ans i en t  

device, so t h a t  high-speed instrumentation had t o  be developed t o  ga ther  

t h e  data .  A l l  da t a  a r e  taken from photographs of osci l loscope t r aces .  

But i n  addi t ion t o  i t s  use as a device f o r  producing a high-velocity 

plasma, which w a s  necessary f o r  the ve loc i ty  s t u d i e s , ' t h e  shock tube 

has t h e  f u r t h e r  advantage of producing thermal plasmas. The ion iza t ion  

i n  t h e  shock f r o n t  does not depend upon acce lera t ing  electric f i e l d s .  

This i s  an important consideration i n  a study i n  which t h e  probe is t o  

be made very l a rge  compared to  the mean f r e e  path,  s ince  a l a rge  probe 

might not only have d i f f e r e n t  current-gathering c h a r a c t e r i s t i c s  than 

smaller  probes, but i n  an e l e c t r i c a l l y  produced plasma, t h e  probe may 

a l t e r  t h e  ion iza t ion  processes. 

one of t h e  e l ec t rodes  i n  the  discharge process, while i n  RF discharge 

t h e  presence of t h e  probe may alter the  electric f i e l d  i n  i t s  v i c i n i t y  

In dc  discharge,  t h e  pkobe may become 

and so a l te r  t h e  ion iza t ion  around t h e  probe. 

Since t h e  plasma of d i r e c t  i n t e r e s t  f o r  t he  purposes of t h i s  study 

is  t h e  flow f i e l d  atound a re-entry vehic le ,  i n  which t h e  ion iza t ion  i s  

produced thermally,  t he  shock tube w a s  judged best  ab le  t o  reproduce 

t h i s  plasma, and it w a s  decided to use t h e  shock tube f o r  a l l  of t h e  

s tud ie s .  

The electromagnetic shock t u b e  has t w o  advantages over t h e  conven- 

t i o n a l  pressure-driven shock tube: A much higher rate of f i r e  and more 

e a s i l y  produced high-velocity shock. However, one pays f o r  these  advan- 

t ages  by knowing considerably less about t h e  s t a t e  of t h e  shock gas  than 

i n  a pressure-driven tube. For t h i s  i n i t i a l  study, however, t h e  rapid 

rate of f i re  of t h e  electromagnetic tube i s  e spec ia l ly  important, because 

a g r e a t  number of sho t s  are necessary i n  t h e  development of adequate 
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instrumentation. It would have been impossible In  t h e  shor t  time avai l -  

able t o  t h i s  program t o  develop t h e  instrumentation t h a t  was developed 

i f  a pressure-driven shock tube had been used. 

a 

. -'-. 

In  t h e  electromagnetic shock tube the re  is no diaphragm separat ing 

a high-pressure and loa-pressure regions t o  be burst .  Rather, high- 

pressure hot gases  are produced i n  the  d r i v e r  sec t ion  by a discharge 

and then accelerated out of t h i s  region by a pinch. A schematic of t h e  

discharge assembly i n  which t h e  shocks are produced is  shown i n  Fig. 4. 

The device is patterned a f t e r  Josephson's a x i a l  discharge ~ y s t e m . ~  The 

discharge sec t ion  cons i s t s  of a tapered g l a s s  tube w i t h  a s o l i d  e lec t rode  

a t  t he  small end and a r ing  electrode a t  t h e  l a rge  end, where the  cylin- 

dr ical  tunnel begins. The discharge occurs i n  t h e  tube when t h e  switch 

is ac t iv i a t ed  and t h e  condenser bank is connected across  the conical  

s ec t ion  through the  coaxial  ground re turn .  

t h e  la rge  current  causes a pinching of t h e  ionized gas. Because of the  

geometry, t h e  pinching occurs a t  the small end f i r s t .  

process progresses along t h e  tapered sec t ion  t o  the hollow electrode,. 

wi th  the  r e su l t i ng  hot plasma m a s s  d r iv ing  a high-velocity shock i n t o  

the  cy l ind r i ca l  test sec t ion .  

After  t h e  gas  breaks down, 

The pinching 

. .  

---"-\ The switch between the  condensers and t h e  c e n t r a l  electrode is 

a c t i v i a t e  by reducing t h e  pressure i n  t h e  switch sec t ion  u n t i l  breakdown 

occurs. 

The 30-kfd capacity condenser bank has a vol tage r a t i n g  of 20 kv. 

The condensers, charging power supply, and appropriate  switch gear are 

contained wi th in  a metal box, 

The tube proper i s  a 1 5 - c m  I D  Pyrex pipe. Its length  is  var ied by 

adding or subt rac t ing  sec t ions  of pipe. For t h e  experiments reported i n  

t h i s  study, t h e  tube was about s ix  f e e t  long. Measurements a r e  made by 

introducing t h e  instrumentation through por t s  i n  the  s i d e  arms of Pyrex 

crosses.  

observations through t h e  g l a s s  walls.  

Photomultiplier measurements are general ly  made by making 

11 
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B. m B E  WUNTING ‘l[N THE SHDCK TUBE 

I n  order t o  make measurements i n  as uniform a region of the  shock 

as possible, t h e  probes were mounted on a brass p l a t e  t ha t  w a s  i n se r t ed  

halfway across t h e  shock tube .  

about t he  center  l i n e  of t h e  p l a t e ,  with a cehter-to-center spacing of 

1 i n .  The probes and mounting holes w e r e  designed so t h a t  d i f f e r e n t  

probes could e a s i l y  be mounted or changed about as t h e  experimental 

condi t ions demanded. The microwave antenna w a s  mounted 1-5/16 i n  

behind the  probe mounting holes,  because the re  was not room to  mount 

both t h e  probes and t h e  microwave antennas a t  prec ise ly  the  same s t a t i o n  

without separa t ing  the  probes more than was desirable. This  displacement 

The probes were mounted symmetrically 

of t h e  microwave antennas and probes accounts fo r  about 5 microseconds 

of t i m e  d i f fe rence  i n ’ t h e  t w o  systems. 

The o the r  microwave antenna was mounted i n  one of the  s ide  arms: 

j u s t  ou ts ide  t h e  inne r  diameter of t h e  shock tube. The spacing.between 

t h e  antennas w a s  3 i n .  

I n  order to  minimize lead capacitance, t h e  probe transformers w e r e  

mounted i n  the  shock tube,  j u s t  behind t h e  brass mounting p l a t e .  The 

sweeping c i r c u i t r y  w i l l  be described i n  more de ta i l  i n  a later sect ion.  

A sketch of t h e  mounting of the probes and microwave antennas is 

shown i n  Fig. 5. 

C .  SHDCK TUBE INSTRU16ENTATION 

P. General 

A v a r i e t y  of measurement techniques have been used i n  conjunc- 

t i o n  w i t h  t h e  shock tube,  including microwave transmission ,measurements, 

photomultipliers,  pressure transducers,  magnetic probes, electrostatic 

probes, Doppler measurements, and image-converter photography. For 

t h i s  study, t h e  microwave transmission, Doppler, and electrostatic probe 

techniques were used almost exclusively.  

2. Microwave Transmission System 

In  order t o  determine t h e  e l ec t ron  dens i ty  and c o l l i s i o n  

frequency of a plasma, it is  necessary t o  make two independent measure- 
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FIG. 5 LAYOUTOF MOUNTING HOLES FOR THE PROBES AND THE LOCATION'OF 
THE. MICROWAVE ANTENNA 

ments. Very often this is performed by measuring the absorption 

and phase shift, at a single frequency, of an electromagnetic wave that 

is transmitted through the plasma. By constructing a bridge circuit in 

which the plasma is one arm and a calibrated phase shifter and calibrated 

attenuator are another arm, a sensitive instrument for measuring absorption 

and phase shift can be made. In this system, in order to null the 

bridge, both the attenuator and phase shifter must be adjusted before 

either the phase shift or attenuation of the plasma can be determined. 

The phase shift cannot be found independent of the attenuation. 

A conventional bridge circuit, such as the one described above, 
can not be used for measurements on the shock tube because of the short 

times involved. 

a resolution time of the order of microseconds. 

It is desirable to be able to measure continuously with 
In order to'adapt the 
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The basic s y s t e m - i s  shown i n  Fig.  6(a).  A klys t ron  osci l la tor  

suppl ies  microwave power, which i s  divided i n  a d i r e c t i o n a l  coupler 

between a path t h a t  goes through t h e  plasma (Path A) and a path t h a t  

does not  (Path B). The t w o  signals are recombined i n  a magic tee. As 

conventional bridge for use with the  shock tube, i t  is  necessary t o  add 

servo loops t o  cont ro l  t h e  phase s h i f t  and a t tenuat ion  i n  one arm of t h e  

bridge.” 

simpler system w a s  used, which could be improved a t  a later date i f  t i m e  

and funds w e r e  su f f i c i en t .  

a n u l l  can be obtained i n  t h e  phase-measuring system t h a t  does not depend 

upon t h e  amplitude of t h e  s igna l  t ha t  bas passed through t h e  plasma. 

Thus, i f  phase s h i f t  information. only i s  desired, which is t h e  case 

when only e lec t ron  dens i ty  i s  of i n t e r e s t  and t h e  r a t io  of c o l l i s i o n  . 

frequency t o  radian radio frequency is  less than a few ten ths ,  a servo 

loop is  needed only on t h e  phase s h i f t e r .  When t h e  system i s ’ n o t  

provided with a servo loop, t h e  output vol tage is a s inusoida l  func t ion  

of t h e  phase s h i f t  and i s  independent of t h e  amplitude va r i a t ion  of the  

s igna l  through the  plasma i f  i t  is s u f f i c i e n t l y  small. 

v a r i a t i o n s  are large,  t h e  output vol tage must be ca l ib ra t ed  i n  terms of 

plasma a t tenuat ion  and t h e  plasma at tenuat ion measured as a func t ion .of  

However, because of l i m i t e d  t i m e  and funds on t h i s  study, a 

This  system operates  i n  such a manner t h a t  

. .  

I f  t he  amplitude 

’ t i m e .  

. .  

shown i n  Fig. 6(b) ,  when t h e  t w o  s igna ls  a r e  90 degrees out of phase, 

t h e  r e s u l t a n t  f i e l d s  i n  t he  crossed arms of t h e  magic tee, (E l}  and IE,I, 

are equal. The important point t o  note  is  t h a t  t h i s  is  t r u e  regard less  

of the r e l a t i v e  amplitudes of t h e  signals t h a t  have t rave led  along Path 

A and B. 

voltage d i f fe rence  between IE,l and (E,I i s  adjusted t o  zero by ad jus t ing  

t h e  phase s h i f t e r ,  w e  can be ce r t a in  t h a t  t h e  input  s i g n a l s  t o  t h e  magic 

tee are i n  phase quadrature.  When a plasma i s  introduced between t h e  

antennas the  phase along Path A changes and t h e  vol tage d i f f e rence  be- 

tween (Ell  and IE,I w i l l  no longer be zero. 

by t h e  plasma can be determined by ad jus t ing  t h e  phase s h i f t e r  u n t i l  

I f ,  wi th  no plasma between t h e  antennas along Path A, t h e  

* 
The phase s h i f t  introduced 

the  vol tage  d i f fe rence  between the crossed arms of t h e  magic tee is  again 
. 
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zero.  

equal t o  t h e  phase s h i f t  introduced by t h e  plasma. 

The amount of phase s h i f t  t ha t  i s  added by the  phase ‘ s h i f t e r  i s  

With t h e  system operating a s  a n u l l  device, the  vol tage d i f -  

ference between the  crossed arms of the  magic tee would a c t  as an error 

s igna l  t o  d r i v e  a servo loop, which in t u r n  would ad jus t  t he  phase s h i f t  

u n t i l  a n u l l  i n  the vol tage d i f fe rence  was obtained. 

I f ,  ins tead  of adjust ing t h e  phase s h i f t e r  so t h a t  t h e  vol tage  
d i f fe rence  between IE I and / E  1 goes t o  zero w e  measure t h e  vol tage 

d i f fe rence ,  w e  s h a l l  get a measure of the  phase s h i f t  introduced by t h e  

plasma. 

study. 

t i o n  of phase s h i f t  f o r  d i f f e ren t  a t tenuat ion  s e t t i n g s .  

set a t  zero vol tage d i f fe rence  before t h e  shock tube was f i r e d .  

as t he  shock entered t h e  region between the  antennas, a phase e h i f t  was 

1 2 

T h i s  is t h e  manner i n  which t h e  system w a s  operated for t h i s  

Cal ibra t ion  curves were taken fo r  vol tage d i f f e rence  as a func- 

The system w a s  

Then, 



introduced and t h e  vol tage var ied i n  accord with i t .  After  t he  shock 

has passed, the  e l ec t ron  dens i ty  decays and t h e  vol tage v a r i e s  i n  accord 

w i t h  t h i s  va r i a t ion  of e lec t ron  density. 

Since t h e  vol tage d i f fe rence  w i l l  be t h e  same f o r  a phase s h i f t  

of 0 degrees and o! # hm (where n is an in teger )  t he  value of t he  phase 

s h i f t  can not . -  determined from t h e  instantaneous vol tage  alone. 

Ambiguities i n  phase can be resolved by wai t tng long enough so t h a t  the  . 
e lec t ron  dens i ty  produced a phase s h i f t  of less than 90 degrees. 

t he  phase s h i f t  a t  e a r l i e r  t imes can be t raced out from the  osci l lograph 

of t h e  vol tage  d i f fe rence .  

Then 

Some examples of phase s h i f t  and a t tenuat ion  f o r  d i f f e r e n t  

cases  are shown i n  Fig. 7 .  In Fig. 7(a),  a r e l a t i v e l y  low shock vol tage 

was used and the  measurements were made s u f f i c i e n t l y  f a r  down the  tube 

so t h a t  only a weak shock remained. 

ionized by a process t h a t  is st i l l  uncertain but  may be photoionization 

When t h e  tube  is f i r e d ,  t h e  tube is 

or X-ray ion iza t ion .  This ion iza t ion  is detected by the microwaves at 

the  extreme l e f t  of t h e  photographs. This i on iza t ion  decays to  a grea t  

ex ten t  befope t h e  shock a r r i v e s . a t  a t i m e  of about 350 mibroseconds. . 
The phase s h i f t  decreases  when the shock a r r i v e s  and decreases t o  a 

minimum of about 55 degrees i n  t h i s  case, a t  which t i m e  t h e  e lec t ron  

dens i ty  begins t o  decrease.  

i s  less than 0 . 5  db. 

The at tenuat ion during the  shock passage 

In Fig. 7(b), a r e l a t i v e l y  s t rong shock voltage was used. Once 

again the e f f e c t s  of t h e  ionizat ion produced when t h e  t u b e ' i s  first 

f i r e d  a r e  detected by the  microwave system. The shock has a g r e a t e r  

ve loc i ty  than i n  t h e  previous shot and so a r r i v e s  a t  t h e  same s t a t i o n  

a t  an e a r l i e r  t i m e .  However, now t h e  e lec t ron  densi ty  i s  g rea t  enough 

t o  produce changes i n  phase s h i f t  g r e a t e r  than 360 degrees. The e lec t ron  

dens i ty  was g rea t e r  than c r i t i c a l  and the  microwaves suffered so much 

a t tenuat ion  that both the. phase and a t tenuat ion  channels indicated 

e s s e n t i a l l y  zero s igna l .  Af te r  the shock passage, t h e  e l ec t ron  dens i ty  

began t o  decay. 

mlcrarave system was able t o  fo l l an  the  v a r i a t i o n  i n  phase s h i f t .  

When it  had decayed t o  about 10l2 electron/cc,  t he  

Using 
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t h e  method discussed above of counting phase s h i f t  f r o m  t h e  90 degrees 

point  and then noting the  phase s h i f t  a t  earlier t i m e s ,  w e  can see t h a t  

t h e  phase s h i f t  was 180 degrees a t  700 microseconds, 270 degrees a t  500 

microseconds, 360 degrees a t  440 microseconds, and 450 degrees a t  425 

microseconds. 

s l a p  of plasma are 3.6X101', 5 .  l X l O " ,  6.4X10" and 7.5X10" e lec t rons jcc .  

The corresponding e lec t ron  d e n s i t i e s ,  assuming a unif o m  

3. Doppler Measurement of Shock Front Velocity 

There exist a v a r i e t y  of methods f o r  measuring t h e  ve loc i ty  of 

t h e  shock f r o n t .  The shock f ron t  marks a rap id  t r a n s i t i o n  i n  the  value 

of t h e  temperature, dens i ty ,  pressure,  e l ec t ron  dens i ty ,  and l i gh t  out- 

put.  Thus, probes spaced a known dis tance,  which can detect changes i n  

t h e  value of any of these  parameters, can be used t o  measure ve loc i ty  

by simply measuring t h e  t i m e  i t  takes  f o r  t h e  rapid t r a n s i t i o n  t o  travel. 

t he  known distance.  

photomult ipl iers  spaced 10 c m  apar t .  If t h e  output of each photomulti- 

p l i e r  i s  recorded on an oscil lograph, the  t i m e  between the rapid rise 

i n  output vo l tage  f o r  t h e  two photomultipliers can be measured. The 

ve loc i ty  i s  then 10 c m  divided by t h e  t i m e  measured between outputs.  

T h i s  technique g ives  t h e  average ve loc i ty  over the t i m e  i n t e r v a l ,  so 

t h a t  f o r  accurate  measurements of t h e  ve loc i ty  a t  a given s t a t i o n  down 

t h e  tube, the  spacing between'the sensors  should be small. 

An example of such a device would be a p a i r  of 

This  technique, w h i l e  r e l a t i v e l y  s imple  and capable of good 

accuracy, r equ i r e s  a number of osci l loscope channels i f  the ve loc i ty  

down t h e  tube is t o  be monitored a t  a number of s t a t i o n s  on each shot .  

An a l t e r n a t i v e  technique that gives a continuous record of ve loc i ty  

and using only one osc i l loscope  channel was developed for t h i s  study 

and i s  described below. 

If a microwave signal is t ransmit ted from an antenna and 

scatters off  a s t a t iona ry  obstacle  i t  w i l l  be detected a t  t he  rece iver  

w i t h  some f ixed  phase d i f fe rence  with respect  t o  t h e  t ransmit ted s igna l .  

I f  the s c a t t e r i n g  obstacle is moving with some radial  component w i t h  
f 

respect  t o  t h e  receiving antenna, t he  received s i g n a l  w i l l  have a t i m e -  

varying phase and w i l l  aQpear as a s h i f t  i n  received frequency compared 
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t o  t h e  transmitted frequency. 

frequency, t he  radial  ve loc i ty  of a t a r g e t  can be measured. 

quency s h i f t  i s  called t h e  Doppler s h i f t .  

Thus, by measuring t h e  s h i f t  i n  received 

The fre- 

T h i s  phenomenon can be adapted t o  a technique f o r  measuring 

the shock f r o n t  ve loc i ty .  The shock f r o n t  i s  marked by a rapid rise i n  

e lec t ron  densi ty .  

plasma frequency is  t ransmit ted down t h e  tube,  it w i l l  be r e f l ec t ed  off  

of t h e  shock f r o n t  a t  a point  i n  the f r o n t  located approximately at t h e  

pos i t i on  a t  which the  microwave frequency is  equal t o  the  plasma f r e -  

quency. 

equal  t o  

If a microwave s igna l  of frequency less than the 
' 

The received microwave s igna l  w i l l  be Doppler-shifted an amount 

9 Af = 2 V/C f 
0 

where Af is t h e  Doppler frequency 

v i s  t h e  ve loc i ty  of t h e  point  of r e f l e c t i o n ;  nominally t h e  

c is t h e  speed of l i g h t  i n  the medium 

f r o n t  ve loc i ty  

f 

A schematic diagram of t h e  system is  shbwn i n  Fig. 8 .  

is the  micrmave t ransmi t ted  frequency. 
0 

A signal 

generator  operat ing a t  10 Gc with a power output of about 1 m i l l i w a t t  

MATCHED 

SIGNAL 
GENERATOR 

LOGARITHMIC 
AMPLIFIER 

+SCOPE 
RA-4556-9 

FIG. 8, . SCHEMATIC DIAGRAM OF THE DOPPLER SYSTEM 
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w a s  used as a t ransmit t ing source. This  fed  power t o  a microwave horn 

t h a t  was placed so t h a t  i t  radiated power down t h e  shock tube. A tuner  

placed before t h e  antenna was used t o  ad jus t  t h e  l eve l  of reflected 

I 
I 

s igna l  ava i lab le  a t  t h e  detector tha t  was connected t o  t h e  magic tee. 

This f ixed  amount of r e f l ec t ed  s i g n a l  mixed with t h e  r e f l ec t ed  s igna l  

t h a t  w a s  returned from t h e  sca t t e r ing  by t h e  shock f ron t .  

w a s  accomplished i n  t h e  c r y s t a l  detector .  

contained signal a t  both t h e  sum and d i f fe rence  frequencies  of t he  f r e -  

quency components a t  t he  detector input .  Since t h e  frequencies a t  t h e  

The mixing 

The output of t h e  detector . 

. -' , input  were f and f + Af, t he  detected frequencies  were 2f + Af and 

Af. The upper frequency is f i l t e r e d  out i n  t h e  detector, .so t h a t  t h e  

output cons i s t s  only of t h e  Doppler frequency. The amplitude of t h i s  

component is proportional t o  t h e  product of t h e  amplitude of t h e  f ixed  

r e f l e c t i o n  and the  time-varying re f lec t ion .  Since t h e  range to the  

varying r e f l e c t i o n  changes as the  shock progresses up the  tube, t h e  

amplitude of t h e  Doppler component a l s o  changes with t i m e .  

j u s t  a f t e r  t h e  shock emerges from t h e  discharge sec t ion ,  t he  range i s  

0 0 0 

1 e 

A t  t i m e s  

.. 
.. so great t h a t  t h e  r e f l ec t ed  s ignal  amplitude i s  very low, while when t h e  

shock a r r i v e s  near t h e  end of the tube,  where t h e  antenna i s  located, 

t h e  range i s  so s m r r l l  that t h e  re f lec ted  amplitude i s  very g rea t .  These 

amplitude va r i a t ions  were reduced by i n s e r t i n g  a logarithmic ampl i f ie r  

between t h e  de t ec to r  output and the  osci l loscope.  

The s e t t i n g  of the tuners  deserves some mention. I f  Tuner 2 

were adjusted for a perfect  match, t he re  would be no f ixed  r e f l ec t ed  

s igna l  a t  t h e  de t ec to r  f o r  t h e  sca t te red  s igna l  t o  beat w i t h .  There 

would be no beat frequency. If the tune r  w e r e  adjusted f o r  a per fec t  

mismatch, a l l  of t he  power incident on t h e  tuner  would be reflected 

and no s igna l  would reach t h e  shock f r o n t .  Again the re  would be no 

beat frequency. Thus, Tuner. 2 must be adjusted midway between a per fec t  

match and a per fec t  mismatch. 

part way down t h e  tube t o  monitor t h e  t ransmit ted s igna l .  

adjusted f o r  a m a x i m u m  a t  t h e  pickup horn. Under t h i s  condition, t h e  

r e f l ec t ed  s ignal .was very low.  

This  w a s  done by using a pickup horn 

The tuner  w a s  

Then t h e  tuner  was backed off u n t i l  t h e  



s igna l  a t  the pickup horn was 3 db below t h e  maximum. 

half of t he  ava i lab le  power was being t ransmit ted and half  w a s  being 

re f lec ted  at Tuner 2. 

power. 

A t  this point,  

Then Tuner 1 was adjusted f o r  maximum transmit ted 

Some typ ica l  data obtained w i t h  t h i s  system are shown i n  Fig. 

9 .  There is some i r r e g u l a r i t y  i n  the  frequency pa t te rn  due t o  ref lec-  

t i o n s  from t h e  g l a s s  walls of t h e  tube and t h e  metal f langes t h a t  are 

used t o  f a s t en  sec t ions  of t h e  tube together .  

frequency is c l ea r ly  d iscern ib le .  

t h e  discharge sec t ion ,  it is  moving very rap id ly  and then begins t o  

s l o w  down as it moves down t h e  tube. 

for a pressure-driven shock t u b e ,  s ince  t h e r e ' i s  no eeservoir  of high- 

pressure gas. This decay i n  shock ve loc i ty  I s  seen from the  decrease 

of Doppler frequency wi th  t i m e ,  

Nevertheless, t h e  Doppler I 
I 
I 

When t h e  shock f i r s t  emerges from 

The rate of decay is grea te r  than 

When t h e  tube i s  first f i r ed ,  as mentioned before, t h e  e n t i r e  

tube is ionized almost instaptaneously.  In  t h e  cases shown, t h e  l eve l  

of ion iza t ion  w a s  g rea t  enough t o  a t t enua te  the  microwave s igna l  s t rongly  

before i t  reached t h e  emerging shock f ron t .  The s igna l  w a s  a l s o  r e f l ec t ed  ' 

due t o  the  plasma produced i n  t h e  tube c lose  to  t h e  antenna. T h i s  shows 

up on t h e  osci l lographs as a displacement i n  t h e  detected s igna l  t h a t  

v a r i e s  slowly w i t h  t i m e .  The slow t i m e  va r i a t ion  corresponds t o  t he  

decay of t h e  precursor ion iza t ion .  

becomes l o w  enough, t h e  microwave s igna l  i s  ab le  t o  reach the  shock , 

f ron t  with s t rength  s u f f i c i e n t  fo r  i t  t o  be scattered and detected. This 

scattered signal then mixes with the  f ixed  r e f l e c t i o n  t o  produce a 

When t h e  precurosor ion iza t ion  

s inusoidal  output,  which v a r i e s  w i t h  a frequency equal t o  the  Doppler 

frequency . 
The r e s u l t s  f o r  a series of shots  a t  shock vol tages  of 8 ,  9 

and 10 kv are shown i n  Fig. 10. As is expected, t h e  shock f r o n t  ve loc i ty  

increases  with shock voltage.  

obtained w a s  about 70 cm.  

is tha t  as t h e  range from t h e  antenna t o  shock f r o n t  increased t h e  shock 

Velocity also increased, but that t h i s  increase  leve l led 'of f  a t  ranges 

The range over which usefu l  data were 

One phenomenon to be noticed from these  da t a  

22 . 
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P W t O  MULTIPLIER SV/ cm, 
50 prec/cm SWEEP 

DOPPLER, f = IO Gc 100 mV/cm, 
20  p e c  /cm SWEEP 

TUBE 
OCK FRONT (PHOTO CHANNEL) 

PHOTO MULTIPLIER SV/cm , 
20 prec/cm SWEEP * 

DOPPLER f = 10 Gc SOmV/cm 
10 prec/cm 

SHOT VOLTAGE=9 hVs PRESSURE=0.030 mm Hg 

FIG. 9 TYPICAL DATA OBTAINED FROM THE DOPPLER 
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RA-455S-ll 

FIG. 10 SHOCK VELOCITY AS A FUNCTION OF POSITION FROM THE RING ELECTRODE 
AS DETERMINED FROM THE DOPPLER DATA 

' 

near t h e  maximum f o r  which measurements were possible .  

of t h e  shock ve loc i ty  with photomultipliers and probes, i t  i s  known t h a t  

t h i s  i s  not t h e  actual behavior of t he  shock ve loc i ty .  Within about 

20 c m  af ter  emerging from t h e  discharge sect ion,  t h e  shock begins t o  

decelerate. Also, t h e  ac tua l  v e l o c i t i e s  f o r  the same shock vol tages  

measured by t h e  o ther  techniques were much higher than those measureti 

by t h e  Doppler technique when the  range was large,  but t h e  d i f f e r e n t  

techniques agreed q u i t e  w e l l  a t  shor te r  ranges. 

From measurements 

W e  bel ieve t h a t  t he  explanation f o r  t h i s  phenomenon is  t o  be 

found i n  t h e  e f f e c t  of t h e  precursor ion iza t ion  on t h e  value of t h e  

speed of l i g h t  i n  t h e  medium. 

quency i n  terms of radial ve loc i ty  i t  is necessary t o  know t h e  ve loc i ty  

In order  t o  i n t e r p r e t  t h e  Doppler f r e -  

24 
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of l i g h t  i n  the medium. The results shown i n  Fig. 10 assume t h a t  t h i s  . .  
8 

is  equal t o  3x10 m/seC, i t s  value i n  a vacuum. 

of t he  precursor ion iza t ion ,  produced when t h e  tube is f i r ed ,  makes 

t h i s  assumption a Poor one. When this ioniza t ion  has relaxed t o  the  

point that the  microwaves can penetrate it ,  there is  s t i l l  enough ioni-  

However, the  presence 

za t ion  present t o  a l te r  the index of r e f r ac t ion  i n  which the  microwaves 

t r a v e l  t o  less than 1. In a medium w i t h  an indez of r e f r ac t ion  less than 

unity,  t h e  ve loc i ty  of l i g h t  is greater than it is f o r  a vacuum. Under 

these conditions,  the Doppler frequency t h a t  i s  detected w i l l  be less 

than it  would have been had the  microwaves been t r ave l ing  i n  a vacuum. 

As t h e  precursor ion iza t ion  relaxes, t h i s  e f f e c t  becomes smaller and 

the  Doppler frequency can be used t o  i n f e r  shock ve loc i ty ,  assuming 

propagation i n  a medium of index of r e f r ac t ion  of unity.  

measurements later i n  t i m e  are not affected by the  precursor i on iza t ion  

Thus, t h e  

and agree w i t h  t h e  ve loc i ty  as in fe r r ed  from photomultiplier measurements. 

Th i s  phenomenon i s  a ser ious l imi t a t ion  on the  use of t h e  

Doppler technique of measuring shock f r o n t  ve loc i ty  i n  electromagnetic 

shock tubes, although it should not be a problem w i t h  pressure-driven 

tubes, s ince  the  precursor ionizat ion is not present.  

If the shock ve loc i ty  i s  known from other  techniques, the  

Doppler ve loc i ty  can be used t o  determine the e lec t ron  dens i ty  i n t o  

which t h e  shock is  moving. 

is affected only by t h e  ve loc i ty  of l i g h t  i n  the  medium i n ’ t h e  v i c i n i t y  

of the  moving scatterer. The l i m i t s  of t h e  v i c i n i t y  are determined by - 
t h e  ve loc i ty  and the  t i m e  i t  takes to make a measurement of t he  Doppler 

This is t r u e  because the  Doppler frequency 

. .  

\ 
. 

,frequency . 
4. Probe-Sweeping C i r c u i t s  

In  order  to determine both the  e l ec t ron  dens i ty  and temperature, 

i t  is  necessary t o  have a‘ complete double-probe characteristic. 

not s t r i c t l y  t r u e  i f  appropriate  der iva t ives  are obtained ( r a the r  than 

a complete current-voltage cha rac t e r i s t i c ) ,  but for an inves t iga t ion  of 

This  is  
a\ 

probe operation under condi t ions for  which there is no theory, it is 

best t o  have t h e  complete curve. 

e a s i l y  detected. 

Unusual phenomenon can then be m o s t  



The electromagnetic shock tube provides a time-varying plasma, 

i n  which both t h e  e l ec t ron  dens i ty  and temperature are func t ions  of 

t i m e .  

was necessary t o  make measurements i n  t i m e s  sho r t  compared to  t h e  t i m e  

In  order t o  make measuremetits i n  a r e l a t i v e l y  f ixed  plasma, it 

i n  which t h e  plasma could change appreciably. 

a t  t h e  shock f ron t ,  t h e  plasma does not  change appreciably i o  many m i c r o -  

seconds. 

rate of t h e  order of hundreds of kilocycles,  t he  plasma would be a 

constant  over one 'per iod.  

shock f r o n t  itself were t o  be studied. Since t h i s  study d i d  not c a l l  

f o r  any p a r t i c u l a r  i n t e r e s t  i n  t h e  shock f ron t ,  i t  w a s  decided t h a t  a 

sweeping vol tage of a f e w  hundred ki locycles  would be adequate. A s  the 

study progressed, i t  became clear t h a t  a frequency of one hundred k i lo-  

cyc les  w a s  adequate. It  w a s  des i rab le  t o  use the  lowest frequency con- 

s i s t e n t  wi th  a f ixed  plasma i n  order t o  minimize the e f f e c t  of s t r a y  

capaci tance between t h e  leads t o  the probes. Due t o  t h e  presence of 

Aside from t h e  region r i g h t  

Thus, i f  t h e  vol tage  applied t o  the probes was var ied  a t  8 )  

A higher frequency would be necessary i f  t h e  

t h i s  capacitance,  t h e r e  was an a c  current even when there was no plasma. 

This  formed a backgrouad cur ren t  l e v e l  against  which t h e  cur ren t  t h a t  

f l o w e d  when a plasma w a s  present had t o  be read. Since wi th  equal-area 

probes t h e  maximum curren t  that i s  measured i s  the  ion sa tu ra t ion  cur ren t  

(not t h e  e l ec t ron  sa tu ra t ion  current ,  which is  much larger), t h e  plasma 

appears as a r e l a t i v e l y  high impedance. For t h i s  reason it  is desirable 

t o  keep t h e  capac i t ive  reactance t o  a maximum. 

The measurements were t o  be  made by comparing t h e  r e s u l t s  of 

t w o  d i f f e r e n t  probes under nominally the  same condi t ions.  Therefore, 

it w a s  necessary t o  apply t h e  sweeping vol tage simultaneously t o  t w o  

d i f f e r e n t  p a i r s  of probes. Further,  any coupling beween t h e  probes 

would confuse the  r e s u l t s .  TherePore, i n  order  t o  isolate t h e  probe 

c i r c u i t s  as much as  possible ,  transformer coupling was used. 

is shown i n  Fig. 11. A s inusoida l  vol tage was applied t o  the  input  

transformer from a Hewlett-Packard 20OC generator.  The.transformer 

0 The c i r c u i t .  

was wound with t w o  i d e n t i c a l  secondaries, each of which f e d  a p a i r  of 

probes. A s i d e  from s t r a y  capaoitance t h e r e  was no coupling between the 
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FIG. 11 SCHEMATIC DIAGRAM OF THE PROBE SWEEPING CIRCUITS 

probes, so t h a t  t he re  w a s  no curren t  f l o w  from Probe 1 t o  Probe 3 or 

from Probe 2 t o  babe 4. With direct coupling, t h i s  might have been 

' a problem. 

I n  order t o  keep t h e  probes from becoming coupled through the  

oscilloscope ground leads, t h e  current tha t  flowed i n  each probe C i rcu i t  

was measured by coupling it through an output transformer.  

formers w e r e  terminated i n  1% 47-ohm resistors. The vol tage  across  

these  resistors w a s  measured on an osci l loscope a s  a measure of t h e  

cur ren t  i n  t h e  probe c i rcu i t . .  The e n t i r e  system was calibrated by 

placing known resistors across  t h e  probe terminals  and measuring the  

These t rans-  

vol tage produced across the 47-ohm r e s i s t o r s  when a given vol tage  w a s  

measured across the resistor between t h e  probe terminals .  Since the  

transformers w e r e  a l l  1:l transformers, t he  cur ren t  i n  t h e  probe c i r c u i t  

w a s  approximately equal t o  t h e  voltage across t h e  47-ohm resistor 

divided by 47 ohms. 

high degree of accuracy. 

The ca l ib ra t ions  v e r i f i e d  t h a t  t h i s  w a s  t r u e  t o  a 

The frequency respOnse of the  transformers w a s  checked by 

applying a 100 k i locyc le  square wave to t h e  probe terminals  and observing 

t h e  waveform of t h e  vol tage  across t h e  47-ohm resistor. R i s e  t i m e s  of 
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t he  order  of .a few t en ths  of a microseconds were observed. 

wave had rise t i m e s  of t h i s  order so t h a t  it w a s  concluded t h a t  t he  

The square 

transformers introduced negl ig ib le  d i s t o r t i o n .  

The output impedance of t h e  s igna l  generator  w a s  600 ohms. 

When high e lec t ron  d e n s i t i e s  were being measured, t h e  impedance of t h e  

plasma was l o w  enough so t h a t  when it w a s  r e f l ec t ed  i n t o  t h e  primary of 

the  input transformer an appreciaple port ion o$ t h e  generator  voltage 

appeared across the  generator  impedance. Thus, i f  t h e  open-circuit  

generator  vol tage w a s  10 v o l t s  peak-to-peak, when a highly ionized 

plasma was present,  t h e  input voltage might drop t o  5 v o l t s  peak-twpeak. 

In order  t o  avoid t h i s  change of input  vo l tage  with load .impedance, an 

emitter follower c i r c u i t  w a s  designed and b u i l t .  When it w a s  placed i n  

series with the  s igna l  generator ,  i t  lowered the  generator  impedance.to 

.. t h e  point where the  plasma conditions did not a f f e c t  t h e  input voltage.  

In  t h i s  way it  w a s  poss ib le  to  set  t h e  generator  vol tage h d e r  no-plasma 

\ 

\conditions and be assured t h a t  t h e  vol tage remained the  same when meas- 

urements were made with a plasma present.  The emitter follower was 

capable of output vol tages  up t o  about 20 v o l t s  peak-to-peak. For 
k t  accurate  measurement t h e  peak-to-peak vol tage  should be about 5- e 

. 

Measurements w e r e  made i n  two modes. In  one mode t h e  osc i l -  

loscope w a s  set a t  a l o w  sweep (say 100 microseconds/cm) and t h e  scope 

t r iggered  when the  tube w a s  f i r e d .  

run f r ee ly .  

istics throughout t h e  e n t i r e  shot,  but t h e  sweep t i m e  w a s  so slow t h a t  . 
ind iv idua l  cyc les  could not be used t o  measure temperature. 

o ther  mode, t h e  genelcator was st i l l  allowed t o  run f r e e l y ,  but t h e  

scope delay l ipe w a s  used t o  se l ec t  a port ion of t h e  shot .  

t i m e  was then set a t  a higher r a t e  than previously (say 2 microseconds/cm) 

so t h a t  only t w o  cyc les  of t h e  probe cur ren t  was recorded. A t  t h i s  f a s t e r  

sweep t i m e ,  enough d e t a i l  of the  ind iv idua l  cyc les  could be obtained 

to determine t h e  temperature and e l ec t ron  densi ty .  

under these  t w o  modes are shown i n  Fig.  12. 

The s igna l  generator  w a s  allowed t o  

This  mode gave an over-all  p i c tu re  of t h e  probe character-  

In the  

The sweep . 

4 

Examples of operation 
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Bmil PROBES 
20 mV/cm, Zfisoc/cm 

50ml l  PROBES 
200 mV/cm, 2puc /cm 

TIME DELAY = 35Oprrc 

p= 0.040 mm.Hg 
9 LV SHOT VOLTAGE 
STAT4ON-112 em FROM RING 
ELECTRODE 

Bmil PROBE 
200 mV/cm, 5Opsoc/cm 

5Omil  PROBE 
2 V/cm , 50ps.c /cm 

TIME DELAY = 100fisoc 

FIG. 12 PROBE CURRENT AS A FUNCTION OF TIME FOR TWO DIFFERENT SWEEP RATES 

29 





. .  

IV EXPERIMENTAL RESULTS 
. 

\ 

A. sw)cK; TUBE REPEATABILITY AND UNIETJRMITY 

-- ~ Before meaningful comparisons could be made between probes operating 

i n  the  free molecular and continuum region$, it was necessary t o  deter- 

mine whether r e s u l t s  from shot t o  shot could be compared o r  whether t he  

va r i a t ion  i n  the  plasma parameters f r o m  shot t o  shot was l a rge r  than 

\ the  phenomenon t h a t  were to be s tudied .  Even more important, it w a s  

necessary t o  determine t h e  uniformity of t h e  plasma across t h e  diameter 

of t h e  tube,  

temperature from point t o  p o i n t  across the  tube, i t  would be impossible 

t o  make probe comparisons. 

I f  t he re  w e r e  l a rge  d i f fe rences  i n  the  e lec t ron  dens2ty and 

. 

To t h i s  end, t w o  sets of probes were made a s  iden t i ca l  a s  possible  

and placed i n  the  probe mounting holes i n  the brass plate. 

were made of 0.008-inch-diameter tungsten w i r e ,  1/4-inch long. They 

were mounted 1/4-inch above the  brass p l a t e ,  with their axes p a r a l l e l  

t o  t he  shock ve loc i ty .  

voltages,  pressures,  and t i m e  delays. 

The probes ' 

Probe data  w e r e  taken f o r  a va r i e ty  of shock 

The r e s u l t s  indicated t h a t  t h e  s a tu ra t ion  current  measured a t  one 

probe could be a s  much a s  twice t h e  sa tura t ion  current  measured a t  t he  

o ther  probe. 

On a given shot,  either probe might read higher than the  other .  

a f t e r  t he  shock f r o n t  had passed the probes, t he  sa tura t ion  cur ren ts  

were general ly  within 20% of each other .  Th i s  i s  reasonable, s ince  any 

d i f fe rences  i n  e lec t ron  density.would be smoothed with t i m e ,  due to 

di f fus ion .  

There was no systematic way i n  which t h i s  r a t i o  var ied ,  

Long 

. 

Shot-to-shot va r i a t ions  of t h e  s a tu ra t ion  current  a t  a given t i m e  

delay could vary a s  much as a fac to r  of four .  

due ' to  t h e  d i f f i c u l t y  i n  s e t t i n g  the shock vol tage precisely,  and the  

This vari ,ation i s  probably . 

var i a t ion  with which the  discharge s t r i k e s  i n  t h e  discharge sect ion.  

The conclusions from these tests were t h a t  f o r  a l l  but the 'c rudes t  tests, 
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cornparisofis could not be used f r o m  shot t o  shot. 

plasma over t h e  one-inch probe-mounting d i s t ance  song after t h e  shock 

passage was general ly  q u i t e  good. Just  a t  shock passage, comparisons 

t o  a factor less than 1-1/2 could genera l ly  be counted on, With uncer- 

The uniformity of t h e  

t a i n t i e s  greater than 2 occasionally occurring. . .  

Tests  w e r e  also made of the  r a d i a l  d i s t r i b u t i o n  of e lec t rons ,  so ’ 

t h a t  t he  v a l i d i t y  of the  assumption of a s l a b  m o d e l  i n  i n t e r p r e t i n g  t h e  

microwave system measurements could be evaluated. These tests were only 

rough checks, a great deal more data being necessary before the  r a d i a l  

d i s t r i b u t i o n  could be known with t he  desired accuracy. 

w e r e  made t o  at least get some indica t ion  of t h e  radial  va r i a t ion .  

But t hese  tests 

The tests were carried out by again using the nominally i d e n t i c a l  

probes i n  the probe-mounting hole, but w i t h  one probe spaced 1/4 inch 

from t h e  p l a t e  while t h e  o ther  probe w a s  spaced 1-1/4 inches from t h e  

p l a t e .  Since t h e  probes themselves were spaced 1-inch on centers ,  ‘the 

r e s u l t s  do not g ive  a simple r ad ia l  p lo t ,  but r a t h e r  sample t h e  plasma 

at  t w o  distances from the p la te .  

The r e s u l t s  ind ica ted  t h a t  a t  40 microns pressure fo r  shock vol tages  

of 9 and 12 kv, t h e  e l ec t ron  densi ty  a t  a d i s t ance  of 1-1/4 inches from 

t h e  p l a t e  w a s  larger than the  e lec t ron  dens i ty  a t  a dis tance  of 11’4 

inch by about a f a c t o r  of 1-1/2 a t  the  t i m e  of shock passage. A t  later 

t i m e s ,  t h e  e lec t ron  dens i ty  appeared approximately t h e  same a t  both 

probes e 

From t h i s  brief exploration of t he  r a d i a l  d i s t r i b u t i o n  of t h e  

e lec t ron  densi ty ,  i t  w a s  concluded t h a t  t h e  microwave measurements could 

be imterpreted on the  basis of a uniform slab m o d e l ,  w i t h  s lab thickness  

equal t o  t h e  distance between the brass plate  and t h e  shock tube w a l l ,  

i f  accuracies  within a f a c t o r  of t w o  w e r e  adequate. For more accura te  

measurements of e lec t ron  density,  i t  would be necessary t o  measure t h e  

radial d i s t r ibu t ion .  Because of shot-to-shot va r i a t ions ,  it would be 
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- B. ' COMPARISON OF PROBE8 WITH DIFF-T RADII 

Now t h a t  some data had been gathered on the  va r i a t ions  t o  be ex- 

pected fram shot t o  shot and With pos i t ion  across  the  tube, t h e  comparison 

of probe6 w i t h  d i f f e r e n t  radii could proceed. Differences in the d e c t r o n  

dens i ty  infer red  from the two probes a t  times long a f t e r  t h e  shock pas- 

sage could be a t t r i b u t e d  t o  d i f fe rences  i n  the  manner i n  which the  

probes were operating, not t o  va r i a t ions  i n  t h e  plasma i tself .  A t  t i m e s  

c lose  t o  shock passage, d i f fe rences  i n  the probe c h a r a c t e r i s t i c s  within 

a f a c t o r  of two might be due t o  differences i n  the plasma about t h e  

probes r a the r  than d i f fe rences  i n  probe operation. 

Measurements w e r e  made w i t h  a probe of 8-mil-diameter tungsten 

w i r e  placed i n  one mounting hole and a probe of S O - m i l - d i a m e t e r  tungsten 

w i r e  placed i n  t he  o ther  mounting hole. 

obtained from these  probes were used t o  i n f e r  an e l ec t ron  temperature 

and e lec t ron  densi ty ,  using f r e e  molecular theory.  Correct ions w e r e  

The current-voltage curves 

made f o r  the d i f fe rence  between t h e  physical  a rea  of t he  probes and the  

sheath area through which t h e  current was ac tua l ly  passing. The sweep 

t i m e s  had t o  be as fast  as 2 microseconds per c m  i n  order  t o  read the  

data s u f f i c i e n t l y  accurately t o  obtain temperature information. 

f o r  each shot, only about twenty microseconds of da ta  were taken. 

order  t o  obta in  r e s u l t s  f o r  d i f f e r e n t  e l ec t ron  dens i t ies ,  t he  delay was 

adjusted so t h a t  da t a  was taken a t  increas ingly  longer t i m e s  a f t e r  the  

shock passage. The p lo t t ed  results thus  represent  the r e s u l t s  of a 

Barge number of shots ,  each da ta  point represent ing a s ing le  shot.  

Thus, 

I n  

The r e s u l t s  for a series of sho t s  a t  9 kv, a t  a pressure of 0.040 

mm b, and a t  a s t a t i o n  112 c m  from the  r ing  electrode a r e  presented 

i n  Figs. 13 and 14. The data are p lo t ted  a s  r a t i o s  of the q u a n t i t i e s  

in fer red ,  from the 50-mil probe divided by the  q u a n t i t i e s  i n fe r r ed  from 

t h e  ' 8 - m i  1 probe. 

Figure 13 shows the  r a t i o  of e l ec t ron  temperature in fe r r ed  from the  

two probes a t  d i f f e r e n t  t i m e s  a f t e r  t h e  tube was f ired.  

occurred about 200 microseconds a f t e r  t h e  tube wgs fired. The arithmetic . ' 

Shock passage 
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mean of t h e  ra t io  is 1.07. 

t h e  same temperature, 'on the  average, within 7 percent.  

therefore ,  that the  measurement of e lec t ron  temperature i s  not being 

distorted by the  use of the la rger  probe. 

i n  the  ra t io  about t h e  mean is  due t o  va r i a t ions  i n  the  measurement of 

temperature from the  oscil lographs and t o  ac tua l  va r i a t ions  i n  the plasma. 

This means t h a t  the  t w o  probes indicated 

W e  conclude, 

W e  assume t h a t  the va r i a i ion  

Figure 14 shows the  r e s u l t s  f o r  t he  measurement of e lec t ron  density.  

In t h i s  case the e lec t ron  densi ty  infer red  from the 50-mil probe is  

less than t h a t  in fer red  from the  8 - m i l  probe. The Brithmetic mean o f '  
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is 0.725. Although the  iower readings fram the  5 0 - m i l  probe 

a re  d e f i n i t e ,  the  d i f fe rence  between the  two probes is too  s m a l l  t o  be 

considered a s  ind ica t ing  t h e  e f f ec t  of using a probe t h a t  is comparable 

t o  a mean f r e e  path. 

This could be accounted f o r  by small d i f fe rences  i n  the  ac tua l . l eng ths  

of the  probes from those t h a t  were used i n  the  calculat ions.  

b igui ty  i n  t h e  proper length of probe to use  is due t o  the  way i n  which 

the  probe protrudes from t h e  dielectric sheath t h a t  i n su la t e s  t he  feed 

l i nes .  

t h e  probe and a f f e c t  its current-col lect ing a b i l i t y .  

d i f f e r e n t  radii,, this e f f e c t  W i l l  be d i f f e r e n t  f o r  t h e  two probes. 

Further,  a s m a l l  amount of contamination on t h e  probes may decrease t h e t r  

current  co l l ec t ing  a b i l i t y .  

The difference between the  two probes is only 28%. 

The am- 

Some of the  sheath t h a t  surrounds t h e  dielectric may overlap 

Because of t h e  

. .  
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From Fig. 2, t he  ion-neutral mean f r e e  path is about 25 m i l s  a t  a 

pressure of 0.040 mm hg. The ion-electron mean f r e e  path i s  much longer 

for t h e  e lec t ron  d e n s i t i e s  t h a t  were obtained from t h e  9-kv shocks. 

Thus, t he  mean f r e e  path long a f t e r  shock passage was about s i x  t i m e s  

g rea t e r  than the  probe rad ius  for  the 8 - m i l  probe, while  it was about 

equal t he  probe r ad ius  for t h e  50-tnil probe. 

a t ing  i n  t h e  f r e e  molecular region, while the  5 0 - m i 1  probe was i n  a 

t r a n s i t i o n  region between f r e e  molecular and continuum flow. The r e s u l t s  

seem t o  indica te  t h a t  f r e e  molecular theory gives  good r e s u l t s  f o r  

e lec t ron  densi ty  and temperature even f o r  probe r a d i i  a s  la rge  a s  one 

mean f r e e  path. 

The 8 - m i l  probe was oper- 

In  the  shock f ron t ,  t he  gas  density is about an order of magnitude 

g r e a t e r  than ambient, so t h a t  the mean f r e e  path i s  an order of magnitude 

less than ambient. 

t r a n s i t i o n  flow, while t h e  5 0 - m i 1  probe is  w e l l  i n t o  continuum flow. 

The r e s u l t s  of Figs.  13 and 14 show t h a t  both probes measure comparable 

e lec t ron  dens i t i e s  and temperatures even a t  t he  t i m e  that the  shock 

passes. 

Thus, i n  t h e  shock f r o n t  t h e  & m i l  probe is i n  

T h i s  would seem t o  indica te  t h a t  even when the  mean free path 

i s  1/10 t h e  probe rad ius ,  f r e e  molecular theory is st i l l  adequate. How- 

ever, because of t h e  uncertainty with which the  s t a t e  of t h e  gas is  

known i n  the  electromagnetic shock tube, i t  is advisable not t o  lean too 

heavi ly  on da ta  obtained i n  the  shock f r o n t  unless  the  gas  parameters 

a r e  measured a t  t he  same t i m e .  

In  order  t o  check the  probes f u r t h e r  i n t o  t h e  t r a n s i t i o n  region, 

measurements w e r e  made a t  a higher pressure.  The r e s u l t s  f o r  measurements . 

at  0.200 mm hg a t  a ahot voltage of 11 kv a re  s imi la r  t o  those a t  0.040 

mm hg and 9 kv. The ar i thmet ic  mean of t h e  r a t i o  of the e lec t ron  t e m -  

perature  infer red  from t h e  50-mil probe compared t o  t h a t  from t h e  8 - m i l  

probe is 0.995. 

The arithrmtiC.mean of the-e lec t ron  dens i ty  r a t i o s  is 0.59. The 50-mil 

probe reads a somewhat lower electron densi ty  than t h e  8 - m i l  probe. 

The two probes measure e s s e n t i a l l y  t h e  same temperature, 

A t  0,200 mm hg, t he  ambient mean f r e e  path i s  about 5 m i l s ,  so t h a t  

t h e  8 - m i l  p robe . i s  in t h e  t r a n s i t i o n  region while t h e  50-mil probe has 
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a rad ius  f i v e  t imes’the mean free path. 

operating under free molecular conditions, i t  cannot be assumed t h a t  the  

r e s u l t s  obtained from it a re  correct .  The measurements made a t  0.040 

mm hg showed t h a t  t h e  error i n  e lectron densi ty  incurred by i n t e rp re t ing  

a probe operating 8t a r a t i o  of probe rad ius  t o  mean free path of one, 

i s  less than 3a. Therefore, t h e  8 - m i l  probe operated a t  a pressure of 
0.200 mm hg cannot be in error by more than 30%. If i t  is assumed t h a t  

t he  8 - m i l  probe a t  0.200 8118 hg is  reading 30% lm, then the 50-mil 

probe a t  t h i s  same pressure i s  reading about 50% l o w  i n  e lec t ron  densi ty .  

Th i s  would s e e m  t o  be an outs ide  number f o r  t h e  e r r o r  introduced by 

operating t h e  probe such that t he  r a t i o  of probe radius  t o  mean free 

path is f i v e .  

by using a probe with a rad ius  su f f i c i en t ly  small t o  be operat ing under 

free molecular conditions a t  0.200 mm hg. Time d id  not allow t h i s  t o  

be done. 

Since t h e  8 - m i l  probe i s  not 

A more accurate  number f o r  t h i s  error could be obtained 

The range of e lec t ron  dens i t i e s  measured i n  these experiments was 

about 5 x lo lo  t o  5 x electrons/cc.  

In  Fig. 15 the  temperature i n f e r r e d  from each probe is plotted a s  

a funct ion of t i m e .  

a t  the  t i m e  of shock passage (200 microseconds) and decreases w i t h  t i m e ,  

The increase i n  temperature a t  1000 microseconds after t h e  t u b e  i s  f i r e d  

is due t o  t h e  reflected shock reaching the  observation s t a t i o n  a t  t h i s  

t i m e  and heat ing the  gas. 

As would be expected, the  temperature i s  a maximum 

Equal-area probes are q u i t e  suscept ible  to erroneous temperature 

measurements i f  the e lec t ron  energy d i s t r i b u t i o n  i s  not Maxwellian. 

This is because only the  high-energy t a i l  of t he  d i s t r i b u t i o n  i s  sampled 

by t h e  probes. 

Thus, a deviat ion from the  Maxwellian d i s t r i b u t i o n  i n  the high-energy 

portion of the  d i s t r i b u t i o n  can introduce errors i n t o  the  temperature 

measurement. 

The bulk of lower-energy e l ec t rons  never reach t h e  probes. 

A probe cons is t ing  of electrodes of unequal a reas  w i l l  sample a 

If t h e  l a rge r  portion of t h e  d i s t r ibu t ion  than an equal-area probe. 
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FUNCTION OF TIME AFTER FIRING 

ratio of electrode areas is made large enough, it will be possible to 

bias the probe so that the entire random electron current is collected 

so that a good measure of the distribution function can be made. 

In order to determine if the temperatures that were measured were 

in error because only the high-energy portion of the distribution was 

being sampled, an unequal area probe consisting of an 8-mil wire 0.25- 

inch long wire and a 50-mil wire 0.50-inch long was constructed. This 

allowed a considerably larger portion of the distribution to be sampled. 

The results of the temperature measurements with this probe are 

i a 

shown in Fig .  16. The shot conditions are the same as those used with 





In  order t o  reduce t h e  shot-to-shot va r i a t ion ,  i t  would be desirable 

to  use an equal-area and an unequal-area probe a t  the same t i m e .  As 

t h e  r e s u l t s  stand now, it  ‘is uncertain whether t h e  high temperature8 

measured by t h e  equal-area probes are accurate  measurements of t h e  

e l ec t ron  temperature or whether they are i n  e r r o r  due t o  devia t ions  from 

t h e  Maxwellian d i s t r ibu t ion .  Further measurements would c l a r i f y  t h i s  

point. 

C. COHRARISON OF MICROWAVE MEASUREMENTS WITH PROBE MEASUREMENTS 

Probes may give  erroneous r e s u l t s  f o r  a number of reasons t h a t  d o  

not per ta in  t o  t h e  microwave measurement. This  is mainly due t o  t h e  

f a c t  t h a t  t h e  probes are i n  contact with t h e  plasma whiae t h e  microwave 

system is not. 

check t o  ensure tha t  t h e  probes a re  operat ing properly. 

wave system w a s  not used extensively f o r  t w o  reasons. Quan t i t a t ive  

For t h i s  reason, t h e  micraarave system may be used as a 

But t h e  micro- 

of two are questionable without detailed information on the  e l ec t ron  

s p a t i a l  d i s t r ibu t ipn .  

mentation, i t  was decided t o  use t h e  microwave system only as  a check t o  

a f a c t o r  of t w o .  

e l ec t ron  d e n s i t i e s  g rea t e r  than 10l2 electrons/cc at tenuated t h e  signal 

t o  such an ex ten t  t h a t  t h e  system could not be used. 

Since t h i s  would requi re  a grea t  dea1,of ins t ru-  

Secondly, because t h e  system operated a t  X-band, 

However, for  a l l  

e lectrons/cc were obtained i n  the  v i c i n i t y  of t h e  shock f r o n t  and f o r  

about 100 microseconds later. Thus, t h e  microwave system w a s  u s e l e s s s  

for checking t h e  probe data i n  the  v i c i n i t y  of t he  shock f r o n t  o n . a l l  

but t h e  weakest shocks. 

Comparisons were made between t h e  e l ec t ron  dens i ty  in fe r r ed  from 

equal-area probes and t h e  X-band microwave system at  pressures  of 0.040, 

0.140, and 0.200 mm hg. The r e s u l t s  were similar i n  a l l  cases. The 

e l ec t ron  dens i ty  inferred from the t w o  techniques agreed w e l l  wi thin a 

factor of t w o .  I n  a series of shots  a t  a pressure of 0.140 mm hg, t h e  
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ar i thmet ic  mean of the  r a t i o  of the  e lec t ron  dens i ty  infer red  from 8- 

m i l  probes t o  the e lec t ron  density infer red  from microwaves was 0.86. 

It w a s  thus  concluded t h a t  t he  probes were operating properly, with 

none of the  anomalies t o  which probes a r e  l i a b l e .  

‘- 

A f i n a l  reason for not re lying on comparison between microwave and 

probe measurements t o  check probe theory i s  t h a t  t he  ion species that + +. It may be NO or it may be N , are collected 4s not known for certain. 

I and it may be one or t h e  other, depending upon t h e  pressure or shock 

voltage.  

t h i s  report  but if t h i s  assumption i s  wrong t h e  values of t h e  e lec t ron  

dens i ty  would be too high by about 40%. 

mass, and hence t h e  p a r t i c u l a r  species i s  ins ign i f i can t ,  while i n  com- 

paring probes t o  microwaves i t  can introduce a 40% e r ro r .  

D. VEIDCITY EpFBlcTS 

W e  have assumed. t h a t  w e  were co l l ec t ing  NO+ ions  throughout 

. .  
In  comparing probes, t h e  ion 

I f  it is assumed t h a t  the shape of t he  sheath is not a f fec ted  by 

t h e  d i rec ted  ve loc i ty  and that there  a r e  no c o l l i s i o n s  between the  

p a r t i c l e s ,  i t  is  possible t o  derive the  current  t h a t  w i l l  be co l lec ted  

by a probe i n  a flowing plasma. The der ivat ion has been ca r r i ed  out f o r  

a c y l i n d r i c a l  probe by Mr. Guthart of our laboratory,  with t h e  r e s u l t s  

shown i n  Fig. 17. V i s  the  directed ve loc i ty  of the  plasma and C i s  

a measure of t h e  ve loc i ty  w i t h  which t h e  ions  randomly e n t e r  t h e  sheath,  

taking i n t o  account t he  increase i n  t h e i r  ve loc i ty  because of t he  electric 

f i e l d  t h a t  extends beyond t h e  sheath. When the  d i r ec t ed .ve loc i ty  i s  

much less than t h e  random ion veloci ty ,  t he  current  that i s  colle.cted 

i s  the  same as would be collected i f  the  plasma were s ta t ionary .  When 

the  directed ve loc i ty  is  much la rger  than the random ion ve loc i ty ,  t h e  

current  increases  l i n e a r l y  with t h e  directed ve loc i ty  and is equal t o  

the product of t h e  e lec t ron  f lux,  nVo, t i m e s  t h e  projected area of the 

cy l ind r i ca l  probe, 2aA (a is  the probe rad ius  and A t h e  probe length) .  

0 

)I 

Measurements were made t o  ve r i fy  t h i s  theory, especially.  i n  regions 

.where the m e a n  f r e e  path i s  comparable t o  the  probe radius.  

‘uremhite were performed by placing equal-area probes i n  t h s  two.mounting 

The meas- 
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holes  i n  such a manner that  the e lec t rode  a x i s  of one probe was p a r a l l e l  

t o  the  directed v e l o c i t y ,  while the  electrode axis of t h e  o ther  probe 

was perpendfcular t o  the directed ve loc i ty .  The probe that  w a s  or iented 

parallel t o  the  directed veloci ty  should only pick up current  associated 

w i t h  the  random ion ve loc i ty ,  w h i l e  t h e  o ther  probe should pick up 

' 

current  due t o  both the random ion and the  d i r ec t ed  ve loc i ty .  



The random ion V e l o c i t y  i s  determined from the  e lec t ron  temperature, 

which i n  turn is determined from t h e  probe current-voltage cha rac t e r i s t i c s .  

The directed ve loc i ty  i s  measured by the  Doppler system; 

of I/I 

measured value of t h i s  r a t i o .  

Thus, t h e  ratio 

t h a t  is predicted from the  theory can be checked against  the 
0 

The probe da ta  f o r  two d i f f e ren t  shot vol tages  a t  a p res su re  of 
The upper f i g u r e  is for 9 kv w h i l e  

Assuming t h a t  the temperature is 11,000 OK, 

0.040 mm hg is shown i n  Fig. 18. 

the loner is for 12 kv. 
which is the  value measured with the  unequal-area probe, t he  measured 

and predicted values  of current  ra t io  a r e  

Shot Volt age I/Io -Theoretical  I/Io -Measured 

9 k v  1.6 1.8 

12 kv 1.96 2.05 

The agreement between the  theo re t i ca l  and measured values  is  
within about 10%. This  ind ica tes  t h a t  for  the  experimental condi t ions 

that were used t h e  simple theory is adequate. Additional work remains 

to be done a t  higher pressures.where c o l l i s i o n s  w i l l  become important 

and t h e  flow field is  no longer free molecular. 

. .  
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V CONCLUSIONS 

A technique f o r  obtaining complete current-voltage c h a r a c t e r i s t i c s  

i n  times shor t  enough to be useful  f o r  measurements i n  shock tubes has 

been developed and checked against  microwave measurements. 

The experimental r e s u l t s  presented i n  t h e  previous sec t ion  showed 

t h a t  both t h e  e lec t ron  temperature and 'e lec t ron  dens i ty  'for t h e  5 0 - m i l  

probe checked these  same parameters f o r  t h e  8 - m i l  probe. I f  t h e  probe . . 
were d is turb ing  t h e  plasma, i t  would be expected t h a t  t h e  proper t ies  

in fer red  from t h e  t w o  probes would d i f f e r  by a g rea t e r  amount than w a s  

observed. It i s  concluded t h a t  t he  electrostatic probe can be used t o  

obtain s ign i f i can t  measurements even when the  mean free path i s  smaller 

-. 
\. .-.. 

than t h e  probe r ad ius . .  Because t h e  mean f r e e  path i s  not known accurately,  

i t  is  uncertain prec ise ly  how much smaller  t h e  mean f r e e  path was then 

the probe radius .  

path w a s  one- f i f th  the r ad ius  of t he  5 0 - m i l  probe. 

A t  0.200 mm hg, t h e  ca lcu la ted  value of t he  mean f r e e  

There w a s  no ex te rna l  check on t h e  values  of t he  e l ec t ron  temperature, * 

but t h e  e l ec t ron  d e n s i t i e s  were checked wi th  an X-band micrclwave system. 

The agreement between t h e  microwave transmission measurements and the  

probe measurements i s  s u f f i c i e n t l y  good to  establish t h a t  t h e  probes ' 

were co r rec t ly  measuring t h e  e lec t ron  dens i ty .  

A simpie theory t o  account fo r  the change i n  current  co l l ec t ion  

under condi t ions where t h e  probe i s  i n  a flowing plasma was experimentally 

v e r i f i e d  i n  t h e  cri t ical  t r a n s i t i o n  region between the  case where t h e  

f l o w  ve loc i ty  i s  neg l ig ib l e  and the case where i t  is  dominant. 

It  i s  clear t h a t  as the  mean free path i s  made successively smaller,  

there w i l l  come a point  where f r e e  molecular theory w i l l  be inadequate. 

For t h e  range of parameters covered i n  t h i s  study, t h a t  point  was not  

reached. Further  work is needed t o  f i n d  t h e  point  a t  which t h e  free 

molecular theory i s  no  longer adequate and t o  gather experimental data 

on the manner i n  which t h e  current-col lect ing c h a r a c t e r i s t i c s  of probes 

operat ing under these  conditions i s  changed. 
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Now that the instrumentation has been developed, the rapid-fire 

capabilities of the electromagnetic shock tube are not needed as much 

as a plasma with theoretically better-defined properties as is obtained 

in a pressure-driven shock tube. 

measurement of the velocity and initial pressure will allow the equi- 

librim electron density, temperature, and ion species to be calculated. 

A pressure-driven shock tube will shortly be available at this laboratory. 

It is planned that this investigation will continue using the pressure- 

driven shock tube. 

With the pressure-driven shock tube, 

Although this study did not have enough time to pursue the problems 

as far as would be desirable, it has been demonstrated that reliable 

measurements of electron density and temperature can be made with Lang- 

muir probes even when they are immersed in plasmas that are not strictly 

operating in the free molecular region. Even if they were unusable at 

altitudes lower than those corresponding to the free molecular region, 

* .  

they can provide engineering estimates of two parameters of great 

interest, the electron density and temperature. 

. .  
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